Smoking is a risk factor for colorectal cancer (CRC) incidence and mortality. However, little is known on smoking and its association with survival after CRC diagnosis. We conducted a systematic review and meta-analysis to summarize current evidence. A systematic literature search was carried out in MEDLINE and ISI Web of Science. We included studies that analyzed recurrence-free survival, disease-free survival, all-cause, and CRC-specific mortality according to smoking status. Data were extracted in duplicate. Standard methods of meta-analysis were applied. Sixteen studies from 11 countries were identified, comprising a total sample size of 62 278 CRC patients. Overall, in the 16 included studies, current smoking and, to a lesser extent, former smoking were rather consistently associated with a poorer prognosis compared with never smokers. Meta-analyses yielded random-effects hazard ratio estimates (95% confidence intervals) for all-cause mortality of 1.26 (1.15-1.37) and 1.11 (0.93-1.33) for current and former smokers, compared with never smokers, respectively. In particular, 30-day mortality was found to be increased by between 49% and 100% among current compared with never smokers. Our results support the existence of detrimental effects of smoking on survival also after CRC diagnosis. Perspectives for enhancing prognosis of CRC patients by smoking abstinence deserve increased attention in further research and clinical practice.
introduction
Colorectal cancer (CRC) is the third most common cancer and the fourth most common cause of cancer-related death worldwide. Globally, >1.2 million incident cases and 600 000 deaths occur each year [1] . Despite major improvements in early diagnosis and therapy, 5-year relative survival is still <65%, even in highly developed countries [2, 3] .
Smoking is an established risk factor for occurrence of colorectal adenomas [4, 5] as well as CRC incidence and mortality [6] , which suggests that it may affect prognosis of CRC patients as well. However, surprisingly few studies have addressed the association of smoking with survival after CRC diagnosis so far, and their results have been reported in a rather heterogeneous manner.
In this systematic review and meta-analysis, we provide a summary of the available literature on the association between past and current smoking behavior and survival of CRC patients, including all-cause mortality, CRC-specific mortality, disease-free survival, and recurrence-free survival. Particular attention is devoted to the role of smoking status, smoking intensity, and time since smoking cessation. materials and methods data sources and search strategy A systematic literature search was carried out in MEDLINE and ISI Web of Science to identify observational studies that had evaluated survival in association with smoking in CRC patients until 1 August 2013, using neither filters nor language restrictions.
To include both articles with MeSH terms and without, the MEDLINE database was searched with the following search terms: ((( 
study selection
We included studies that analyzed the association of smoking with all-cause and CRC-specific mortality as well as disease-free and recurrence-free survival after CRC diagnosis. For inclusion in this review, the impact of smoking on the outcomes had to be quantified by effect measures such as hazard ratios or odds ratios or by descriptive analyses providing absolute or relative survival estimates according to smoking status. Smoking had to be reported by either smoking status, smoking intensity or time since smoking cessation. Articles reporting on various cancers that did not display specific results for CRC were excluded. From articles that reported on the same patient sample, we excluded the less informative article. Meeting abstracts were excluded if no subsequent article could be identified and the abstract itself did not give sufficiently detailed information. Articles not in English or German were excluded (Figure 1 ).
data extraction
Data extraction from eligible studies was carried out in duplicate by two investigators (VW and MH). Disagreements were solved by discussing and reviewing the respective issue. Cross-referencing of selected articles revealed no further eligible records; one additional study was traced by scanning articles related to the ones included.
According to established standards (MOOSE) [7] , the quality of each included article was assessed. Quality criteria included: (i) clear definition and description of the study population, (ii) comprehensive and complete follow-up of CRC patients, (iii) suitable ascertainment of smoking and covariates (interviews/ questionnaires or hospital records), and (iv) consideration (through stratification or adjustment) of at least the following covariates in the analysis: age, sex, and tumor stage.
From each study we extracted available information on study design, characteristics of the study population, and the most comprehensively adjusted effect measures. These were either adjusted hazard ratios (aHRs) or in the case of 30-day mortality adjusted odds ratios (aORs) with respective 95% confidence intervals (95% CIs) ( Table 1) .
statistical analysis
Studies with a quality score of at least 2 of 4 were included in the meta-analysis [13, 15-17, 20, 22] . We logarithmized extracted aHRs and estimated their standard errors indirectly according to methods described by Parmar et al. [24] . Then, both fixedand random-effects models were calculated. The random-effects model allows for a variation of true effects across studies and was computed according to methods described by DerSimonian and Laird [25] . Random-effects estimates are reported as main results. Heterogeneity of included studies was evaluated by the I² index [26, 27] and Cochran's Q test [28] . Publication bias was investigated by Funnel plots, the Begg and Mazumdar rank correlation test [29] , the Egger test of the intercept [30] , and the Trim and Fill method [31] .
All analyses were carried out with the statistical software R, version 2.15.3 [32] , and the R package meta, version 2.2-0 [33] .
results

study characteristics
The systematic search identified 2694 articles ( Figure 1 ). Of those, 579 were excluded as duplicates, 2025 by abstract scan, and 74 by full-text revision. Cross-referencing revealed no further relevant records; one article was found among articles related to the ones included. In the end, 16 articles describing 16 different studies were eligible for a qualitative synthesis [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and 6 for an additional quantitative evaluation [13, 15-17, 20, 22] . Table 1 provides detailed information on the studies' baseline characteristics. Included articles were published between 1986 and 2013. The 16 studies comprise data from a total of 62 278 CRC patients with study population sizes ranging from 226 to 26 333 cases. Six studies were carried out in the USA [8, 13, 16, 19, 20, 23] , two in Scandinavia [10, 18] , two in the UK [11, 14] , and one study each in South Korea [12] , New Zealand [9] , Ireland [15] , the Netherlands [17] , Greece [21] , and Australia [22] . Nine studies reported all-cause mortality [9, 13-17, 20, 22] , five CRCspecific mortality [11, 14, 16, 20, 22] , one recurrence-free survival [13] , two 30-day mortality after resection [10, 19] , three disease-free survival [13, 21, 23] , and seven absolute survival [8, 11, 13, 17, 18, 21, 22] , either directly or displayed by KaplanMeier curves. One study included only men [12] , two only stage III cancer cases [13, 23] , one only metastatic CRC cases [18] , two only stage I-III CRC cases [9, 14] , one only stage II-III CRC cases [21] , and three only colon cancer cases [8, 13, 17] . Covariates adjusted for varied between studies and can be viewed in Table 2 along with the respective effect measures.
The mean quality score over all 16 studies was 2.75 with three studies showing the highest quality score of 4. Five studies adjusted their effect measures for at least age, sex, and some measure of tumor stage [15, 17, 20, 22, 23] . Two studies lacked three of four key quality criteria (study population description, complete follow-up, and proper adjustment) [10, 12] and were therefore not considered for inclusion in the meta-analysis due to low methodological quality.
current smoking
The effect estimates reported for the comparison of current smoking with never smoking are summarized in Table 2 . Allcause mortality was increased among smokers by 5-51% compared with never smokers in six of seven studies reporting on this end point. In two of the studies, associations were statistically significant [15, 16] . Subgroup analyses showed a mortality increase for female current smokers in one [22] of two studies providing sex-specific analyses [20, 22] . In the random-effects model of the meta-analysis, smokers showed a 26% higher mortality from any cause than never smokers (aHR: 1.26; 95% CI 1.15-1.37) (Figure 2A ). There was a moderate degree of heterogeneity (I 2 = 35.2%) and no indication of publication bias (data not shown). In addition to comparing current and never smokers, one other study compared current with former or never smokers [9] . This study found more than twofold increased all-cause mortality for current smokers.
The association between current smoking versus never smoking and death from CRC was reported in three studies [16, 20, 22] . One of those [16] showed that current smokers were 30% more likely to die of CRC than never smokers (95% CI 1.09-1.74). In particular, an increased risk for current smokers could be seen in women, in patients of at least 50 years of age, in patients with tumors of the proximal colon, and in patients with high-level microsatellite instability (MSI-H) (supplementary Table S1 , available at Annals of Oncology online). One study by Munro et al. [11] compared the CRC-specific mortality risk of current smokers with the risk of former and never smokers combined, and found that current smokers were more than twice as likely to die of CRC than former and never smokers ( Table 2) .
Thirty-day mortality was reported on in two studies (Table 2 ). Both Nickelsen et al. [10] and Sharma et al. [19] found the risk to die within 30 days after tumor resection to be significantly elevated in current smokers (aHR: 2.00; 95% CI 1.04-3.85 and aHR: 1.49; 95% CI 1.09-2.05). Among the studies reporting absolute survival rates [8, 11, 13, 17, 18, 22] , current smokers showed lower all-cause and CRC-specific survival rates than never smokers (supplementary Table S2 , available at Annals of Oncology online). No study reported on relative survival.
The association between current smoking and recurrence-free survival was assessed in only one study from the USA [13] , and no association was found (data not shown). Disease-free survival of current smokers was assessed in two studies [13, 23] . One of those, the study by Phipps et al. [23] revealed a significantly increased risk for current compared with never smokers to suffer recurrence or die of any cause (aHR: 1.47; 95% CI 1.04-2.09).
former smoking
The study by Phipps et al. [16] was the only one reporting a significantly increased risk for all-cause mortality in former compared with never smokers (aHR: 1.26; 95% CI 1.07-1.49) ( Table 2) . Park et al. [12] reported a protective effect of former smoking on all-cause mortality when compared with never smoking (aHR: 0.67; 95% CI 0.51-0.88). The meta-analysis of Figure 2B) . In a subgroup analysis by Boyle et al. [22] , an adverse effect of former compared with never smoking was observed in stage IV cancer patients (supplementary Table S1 , available at Annals of Oncology online). Former smokers showed higher crude survival rates than current smokers within all studies that reported crude all-cause or CRC-specific mortality [8, 11, 13, 17, 18, 22] (supplementary Table S2 , available at Annals of Oncology online). No study could show a significant effect of former smoking on CRC-specific mortality [16, 22] , 30-day mortality [19] , diseasefree survival [13, 23] (Table 2) , or recurrence-free survival [13] (data not shown) within its total study population.
ever smoking
Three studies combined groups of current and former smokers in a category of ever smokers. Richards et al. found a significant effect of ever smoking on all-cause mortality (aHR: 1.52; 95% CI 1.06-2.18). The association was only slightly lower, but failed to reach statistical significance for CRC-specific mortality (aHR: 1.46; 95% CI 0.92-2.32) [14] . Phipps et al. [16] observed significantly increased risks for both outcomes for ever compared with never smokers (Table 2 ). Looking at disease-free survival, a more recent study by Phipps et al. [23] showed significantly increased risks for ever compared with never smokers (aHR: 1.23; 95% CI 1.02-1.49). This study also looked at subgroups of patients and found increased risks to suffer recurrence or die in ever smokers who were male, 50 years or younger, had a T3 tumor, 1-3 affected lymph nodes, a distal colon tumor, a mutated KRAS status, a wild-type BRAF status, and a proficient mismatch repair status (supplementary Table S3 , available at Annals of Oncology online).
smoking intensity
Five studies reported effect measures for the relationship between survival and smoking intensity [12, 13, 16, 21, 23] . Four of them assessed intensity by lifetime pack years (Py) [12, 13, 16, 21] and one looked at cigarettes per day and years of smoking separately [23] . One study reported CRC-specific mortality [16] , one recurrence-free survival [13] , three disease-free survival [13, 21, 23] , and three investigated the association between smoking intensity and all-cause mortality [12, 13, 16] . Several of the stratum-specific effect estimates reported in Table 2 were not statistically significant. However, nevertheless, a positive dose-response relationship between the amount of smoking and all-cause, CRC-specific mortality, and disease-free survival could be seen. In a subgroup of MSI-H patients, a fivefold increased risk for CRC-specific mortality was reported by Phipps et al. [16] for a dosage of >40 Py compared with 0 Py (aHR: 5.19; 95% CI 1.64-16.45) (supplementary Table S1 , available at Annals of Oncology online).
time since smoking cessation
For patients, who quit smoking <10 years ago, a substantially increased risk for all-cause mortality was found in the study by Phipps et al. [16] (aHR: 1.48; 95% CI 1.16-1.89). A higher risk for both CRC-specific and all-cause mortality was still present in patients who had quit smoking at least 25 years ago compared with never smokers (aHR: 1.33; 95% CI 1.03-1.74 and aHR: 1.34; 95% CI 1.08-1.66). Similarly, the risk of recurrence or death, reported by disease-free survival, was significantly increased in patients with smoking abstinence of at least 10 years compared with never smokers (aHR: 1.24; 95% CI 1.00-1.55) in a recent study by Phipps et al. [23] . McCleary et al. [13] did not find significant associations between time since smoking cessation and recurrence-free survival or all-cause mortality (numbers not reported).
discussion
Smoking is an established risk factor for CRC incidence and mortality. Yet, there are few studies investigating survival after CRC diagnosis in association with smoking. To our knowledge, this is the first systematic review and meta-analysis on that topic. Sixteen articles matched our inclusion criteria, of which six were included in meta-analyses. Current smoking was associated with an increase in all-cause mortality compared with never smokers by 26%. CRC-specific mortality was increased for current and ever smokers in the majority of the included studies, and 30-day mortality was without exception significantly higher in current smokers. Studies assessing mortality or disease-free survival according to smoking intensity indicated consistent dose-response relationships. Results further indicate a detrimental effect of smoking on disease-free survival.
In past studies, smoking was associated with an increased risk of all-cause [34, 35] and CRC-specific mortality [6] . Our metaanalysis showed that an increase in all-cause mortality is also evident in CRC patients after diagnosis. An increase of 26% and 11% was estimated for current and former smokers compared with never smokers, respectively, even though the latter was not statistically significant. Although direct evidence is sparse, these patterns suggest that a substantial burden of mortality of CRC patients could be avoided by smoking cessation. However, the timeframe is unknown in which changes in smoking behavior would improve long-term survival. Former smokers are very heterogeneous in terms of time since cessation, consumed doses, and duration of smoking phases. Two [16, 22] of the four studies assessing former versus never smoking and all-cause mortality [13, 16, 17, 22] defined former smoking as having quit smoking for at least 1 year, minimizing the proportion of recent changers. Phipps et al. [16] found that smokers, who had quit <10 years ago, still had an increased total mortality. Looking at smoking intensity, we saw a consistent dose-response relationship between pack years and risk of all-cause mortality. Taken together, these patterns suggest a strong role of both current smoking and the lifetime amount of smoking, and underline that smoking prevention and cessation which are beneficial for many health outcomes are also crucial for enhancing CRC patient survival.
As smoking also influences comorbidities [36] , part of the excess risk of smoking CRC patients may result from excess mortality from other causes. In our review, associations of smoking with CRC-specific mortality were slightly lower than those with all-cause mortality. Nevertheless, there seems to be some excess CRC-specific mortality that is attributable to smoking. As for all-cause mortality, this excess mortality seems to be lower in former smokers. In addition, a dose-response relationship of smoking intensity with CRC-specific mortality was demonstrated. Similar to all-cause mortality, the relationship between smoking and CRC-specific death seems to be related to the cumulative lifetime exposure to smoking rather than recent changes [16] . Subgroup analyses indicate that effects on CRC-specific mortality might be driven by certain patient characteristics, such as: age, sex, tumor site, tumor stage, and MSI status [16, 22] . An association between smoking and MSI-H has been reported in previous studies [37] [38] [39] . In addition, a meta-analysis on CRC survival showed longer survival in MSI-H tumor patients compared with microsatellite stable (MSS) patients [40] . However, in Phipps et al. [16] , MSI-H status combined with current smoking was associated with highly increased CRC mortality, suggesting that the survival advantage of MSI-H patients might not be shared by smokers.
In our review, we also looked at 30-day mortality after resection. Physicians should promote smoking cessation before surgery, because changes in smoking behavior can lower smoking induced complications [41] . Our results suggest that changes in smoking behavior can, in fact, lower the 30-day mortality risk after tumor resection. Both studies investigating the issue found significantly increased risks for current compared with never smokers and less increased risks for former compared with never smokers [10, 19] . Nevertheless, it is currently unknown, to what extent also short-term changes can influence a patient's post-surgical mortality risk. However, since shortterm changes do reduce the risk for post-surgical complications of cancer patients [41, 42] , a beneficial effect of smoking cessation even after cancer diagnosis and before surgery seems both plausible and likely. Smoking cessation should be promoted, also shortly before a surgery, and its impact on short-and longterm outcomes should be evaluated in further research.
Possible mechanisms linking smoking and CRC outcomes are manifold and incompletely understood. Apart from other adverse effects, interference of smoking with specific CRC therapy, such as chemo-or radiotherapy, appears plausible. Vincenzi et al. [43] found that cigarette smoking during cetuximab-based treatment may be responsible for a decreased response rate and shorter time to tumor progression in CRC patients. Furthermore, nicotine has shown anti-apoptotic effects on cancer cells in vitro and in vivo [44, 45] , lowering the therapeutic response to both chemo-and radiotherapy. In colon cancer cells, studies have shown a nicotine-induced increased proliferation and suppressed apoptosis in vitro [46] . Such effects could strongly influence a patient's prognosis and could therefore be influenced by smoking cessation. Our review points to areas of research that require enhanced attention to enable a more complete understanding of the role in CRC prognosis and the potential to enhance prognosis of CRC patients by smoking prevention and cessation. In particular, studies on CRC outcomes should include more comprehensive assessments of the smoking history, both during lifetime and during the course of the disease. For example, in addition to pack years, other smoking intensity measures should be considered. An analysis by pack years assumes smoking duration and number of packs per day as equally influential, which must not be true [47] . Finally, increased efforts should be made to support smoking cessation and abstinence among CRC patients, and the impact of such efforts which might be embedded in comprehensive tertiary prevention programs should be carefully evaluated by randomized trials.
This review and meta-analysis has specific strengths and limitations. Strengths include the comprehensive search in multiple databases, as well as strict adherence to standards of study selection, data extraction, and reporting [7] . Despite the comprehensive search strategy, we cannot exclude the possibility of having missed relevant studies, in particular studies reported in languages other than English or German. There may have been negative studies that were never published as full length articles, even though there was no indication of publication bias in our meta-analyses. Heterogeneity in reporting made comprehensive summarization of results difficult. Although 16 studies were identified overall, the numbers of studies for each of the four end points was rather limited. In particular, meaningful metaanalyses could only be carried out on the increase in all-cause mortality for current and former smokers compared with never smokers. Comparability was further hampered by various definitions and categorizations of smoking exposure, heterogeneity in inclusion and exclusion criteria, and covariates adjusted for. In particular, the lack of or incomplete adjustment for comorbidities may have resulted in incomplete control for confounding in some studies. Likewise, other lifestyle factors and their potential change with smoking habits over time were only considered to a varying and limited extent in the studies reported to date. Furthermore, the included studies did not investigate the mechanisms by which smoking did affect survival, such as a possible impact on CRC metastasis, which should be addressed in future research. Smoking exposure was ascertained by self-report in all studies and may have been subject to reporting bias. Furthermore, the timing of smoking ascertainment differed, and none of the studies had included ascertainment of smoking over time after diagnosis and treatment.
Despite these limitations, our results support the existence of detrimental effects of smoking on survival, also after CRC diagnosis. They point to the potential of enhancing perspectives of cancer survival by enhanced efforts of smoking prevention and promotion of smoking cessation and abstinence, both in general and among CRC patients in particular.
Further observational and intervention studies should aim for a more comprehensive elucidation of the effects of such efforts.
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